Atomic processes of multiple-charged ions of high-Z elements from tin to dysprosium are investigated for their application to light sources for extreme-ultra-violet (EUV) lithography. Modeling of these ions in plasmas, including tungsten, which is being considered for use as a divertor and wall material in the fusion devices, is discussed. Atomic spectra become very complex in the case of low-charged ions below Pd-like ions, which calls for a new atomic code for calculating the energy levels and rate coefficients of collisional and radiative processes. The collisional radiative model is validated through code comparison workshop activities. An alternative method for investigating the formation of the non-uniform structure of the plasmas is also presented.
Introduction
Sn and Xe plasmas pumped by laser irradiation or discharge have been attracted attention for their application to the semiconductor lithography. Using Sn plasmas, more than 100 W of EUV emission at the wavelength of 13.5 nm has been achieved, and semiconductor devices with a critical dimension of 22 nm have been fabricated [1, 2] .
Recently, extension of the plasma light sources to shorter wavelengths is being considered for nextgeneration EUV lithography [3, 4] , using multilayer optics with a reflectivity of 40% at λ = 6.5 nm.
We herein present results of analysis of atomic processes of Sn to W plasmas. We also describe development of a collisional radiative (CR) model of these atomic elements. Taking the detailed spectral structure of emission lines into account, we calculate the emission spectrum as well as the spectral efficiency of the plasmas [5] . Furthermore, the coefficients of radiative transfer, namely spectral emissivity and opacity, are calculated for the radiation hydrodynamics simulation in order to determine the optimum condition of the light source. This optimum condition is determined to obtain high output power and efficiency with respect to pumping conditions such as the target material, laser wavelength, intensity, and pulse duration.
The CR model is applicable to the analysis of radiation loss from tungsten in the fusion plasmas. However, the atomic number of tungsten is large. Thus, the emission spectrum from low-charged ions of tungsten, which has a significant abundance in the divetor plasmas, is extremely complex. Such a complex spectrum is difficult to calculate [6] . Therefore, we discuss a possible improvement in the model in terms of calculation of atomic physics and atomic processes. In addition, we present an alternative method based on non-equilibrium statistical mechanics to understand the occurrence of plasma non-uniformity, which is caused by the effects of atomic processes and radiative transfer.
Atomic Model
We calculate atomic energy levels and radiative rate coefficients of high-Z ions using the HULLAC code [7] . Figure 1 shows the energy level diagram of two Nblike ions, with a ground configuration of 4p 6 4d 5 . Efficient emission in the EUV wavelength region arises from 4d − 4 f + 4p − 4d transition arrays from Pd-like to Br-like ions with a ground configuration of 4d n . Figure 2 shows gA, which is a product of the radiative decay rate and the statistical weight of the 4d − 4 f + 4p − 4d transition array of Nb-like Sn, Xe, Nd, and Gd ions. It can be seen that the spectral profiles of those ions are similar, except for a shift in peak toward shorter wavelength with an increase in the atomic number. Emission occurs from resonance lines to the ground state and also through satellite lines between excited states. We calculate the level population by calculating the CR model using the configuration model. High-Z ions usually have a large number of energetically closely spaced fine structure levels for each configuration. However, in high density plasmas, the population of fine structure levels can be assumed to be in thermal equilibrium, thus we calculate the population for each configuration using averaged energy levels and rate coefficients. Optically thin condition is also assumed. The set of energy levels to be included in the CR model is chosen after an iterative cal- culation of level population by increasing the number of groups of levels until convergence is achieved. A typical calculation is performed using 5 groups of configurations such as 4p 6 4d 4 nl, 4p 5 4d 10 nl, and 4p 6 4d 3 (4 f |5s|5p)nl configurations, as shown in Fig. 1 . After the level population is determined, the spectral emissivity and opacity are calculated using the detailed profile of the emission lines calculated by the HULLAC code by taking the effect of configuration interaction (CI) into account. From the calculated spectral emissivity we determine the spectral efficiency, namely the ratio of emission from the central wavelength in the 2% bandwidth range to the total emission. Figure 3 summarizes the calculated results. We repeat calculations of the spectral efficiency over the possible range of electron temperatures and ion densities in laser and discharge-pumped plasmas. It is shown that the maximum spectral efficiency is within the range of 30-40% for elements with atomic numbers from 54 to 66. We determine the optimum temperature for which the maximum spectral efficiency is obtained for a typical ion density of 10 19 cm −3 , which increases from 40 to 100 eV as the wavelength decreases from 13.5 nm for Sn to 6.2 nm for Dy.
We have also estimated the conversion efficiency (CE) from the pumping laser intensity to the output EUV power using the power balance model [9] , which shows that a CE similar to that of Sn of 8% can be obtained for Gd and Tb. On the other hand, it is found that the radiation power loss increases as T 4 e . This trend arises from the fact that at 2401145-2 each electron temperature of the plasma, these ions have a large opacity at the photon energy ≈ 2.82k B T e . As the radiation power loss increases as Planck's law; accordingly, the pumping laser intensity should be increased tenfold [8] .
Results of calculation of the atomic processes of Sn to Dy ions are useful in the development of the EUV sources. However, detailed comparisons between experimental and calculated results for the Sn plasma suggest that an improvement of theoretical models is required for further investigations of atomic processes and radiative properties of high-Z plasmas. Figure 4 shows a comparison between calculated and experimental [10] emission spectra of Nb-like Sn. The wavelength of the calculated spectrum is shorter than that of the experimental spectrum. Averaged width of the transition array seems similar, however, the detailed structure is different. Moreover, the effect of emission from excited states should be taken into account in the observed spectrum. Note that in the case of heavier ions such as tungsten (Z = 74), for which low charged ions have 4 f open-shell structure, the emission spectrum becomes is more complex, which can not be calculated using any of the existing atomic codes.
Identification of the emission lines and analysis of the plasma condition can be done by obtaining an agreement between experimental and calculated spectrum, which is obtained by coupled atomic physics and CR-model calculations. In the case of complex high-Z ions, a set of configurations to calculate atomic wavelength taking the effect of CI into account should be decided. Another set of configurations should be chosen to include emission from the excited states. Furthermore, density and temperature also should be optimized to obtain agreement of the spectrum, because in experiments exact density and temperature are not usually given. Thus, optimization should be carried out within a wide parameter space, for which a system based on machine learning algorithm should be useful. Fig. 4 Comparison between calculated gA value of the 4d − 4 f + 4p − 4d transition array of Nb-like Sn and emission spectrum observed by charge exchange spectroscopy (CXS) [10] .
We note the accuracy of the CR model has been improved by benchmarking of the codes [11] . Comparisons of results obtained from different CR models for the same atomic element, temperature, and density have revealed that a reasonable agreement between codes is obtained by using the same set of atomic levels with sufficient accuracy of the energy of low-lying levels.
Structure Formation of Plasmas by the Effect of Radiation Transport
Although the radiative properties of the plasmas can be analyzed using the atomic model, it is sometimes difficult to solve the coupled radiation hydrodynamics to calculate the spatial and temporal profiles of a plasma, especially if the plasma has a non-uniform structure. Such nonuniformity sometimes appears in plasmas for light source applications, which may have an adverse effect on their output characteristics [12] .
The opacity of the plasma decreases significantly despite the temperature increase when the number of bound electrons decreases and the outermost shell changes. This behavior can be detected from the fact that as an opaque plasma becomes transparent as ionization proceeds. For instance, in the case of plasmas for EUV sources and x-ray lasers, the emissivity and opacity decreases significantly when the ionization proceeds beyond Ni-like and all bound electrons in n = 4 shell are removed. Consequently, the pressure of the plasma, which is determined from the sum of thermal and radiation pressures, changes nonlinearly with respect to the temperature and density.
Such a plasma may show a phase-transition-like behavior. As shown in Fig. 5 , if the isotherm on the PV-plane has non-monotonous behavior, structure formation known as spinodal decomposition may occur even in a ther- 2401145-3 mal equilibrium. We consider a simplified atomic model with only two states, an opaque low-charged ions and a transparent high-charged ion states, and their co-existing state is investigated using the Markov chain Monte-Carlo (MCMC) method.
Consider a square with a unit edge length, which is divided by N meshes into cells. Some cells are assumed to be a small "black bodies", which absorb all incoming radiation and emit Planckian radiation from the surface. Other cells are assumed to be transparent. The radiation intensity from the edge can be calculated from the fraction of radiation from each cell; which is not absorbed by any surrounding cells, as shown in Fig. 6 .
Given a particular temperature of the system, the most probable state can be obtained by iterative calculations; it is found that at low temperature, the plasma with the lowcharged state segregates, because the total intensity from the plasma becomes minimum when the surface area is minimized, as shown in Fig. 7 . This suggests that mechanisms similar to surface tension may have caused the structure formation of the plasmas.
Summary
In summary, we have shown the present status and possible future plan for the study of atomic processes in plasmas. On the basis of computational atomic data, radiative properties of Sn to Dy plasmas have been investigated. These ions are found to be prospective candidates for the application to EUV sources with wavelengths raging from 62 to 135 nm. For the investigation of low-charged ions with 4 f open-shell structure, it is suggested that development of a new atomic code along with a method for identification of lines based on a machine learning algorithm may become necessary. As an alternative method for understanding the spatial non-uniformity of the plasmas, the use of the MCMC method to obtain an equilibrium state of the plasma with a simplified atomic and radiative properties is suggested.
